ϩ (Kir) channels. Therefore, we examined the vascular reactivity of human coronary arterioles (HCAs) to small elevations in [K ϩ ]o, the influence of risk factors for coronary disease, and the role of K ϩ as an EDHF. Changes in the internal diameter of HCAs were recorded with videomicroscopy. Most vessels dilated to increases in [K ϩ ]o with a maximal dilation of 55 Ϯ 6% primarily at 12.5-20.0 mM KCl (n ϭ 38, average: 16 Ϯ 1 mM). Ouabain, a Na ϩ -K ϩ -ATPase inhibitor, alone reduced the dilation, and the addition of Ba 2ϩ , a Kir channel blocker, abolished the remaining dilation, whereas neither endothelial denudation nor Ba 2ϩ alone reduced the dilation. Multivariate analysis revealed that cigarette smoking was the only risk factor associated with impaired dilation to K ϩ . Ouabain significantly reduced the vasodilation in HCAs from subjects without cigarette smoking but not in those with smoking. Cigarette smoking downregulated the expression of the Na ϩ -K ϩ -ATPase catalytic ␣1-subunit but not Kir2.1 in the vessels. Ouabain abolished the dilation in endothelium-denuded vessels to a same extent to that with the combination of ouabain and Ba 2ϩ in endothelium-intact vessels, whereas neither ouabain nor ouabain plus Ba 2ϩ reduced EDHF-mediated dilations to bradykinin and ADP. A rise in [K ϩ ]o dilates HCAs primarily via the activation of Na ϩ -K ϩ -ATPase in vascular smooth muscle cells with a considerable contribution of Kir channels in the endothelium, indicating that [K ϩ ]o may modify coronary microvascular resistance in humans. Na ϩ -K ϩ -ATPase activity is impaired in subjects who smoke, possibly contributing to dysregulation of the coronary microcirculation, excess ischemia, and arrhythmogenesis in those subjects. K ϩ does not likely serve as an EDHF in the human coronary arteriolar dilation to bradykinin and ADP. cardiovascular disease; ion channels
is estimated to increase to ϳ15 mM in the interstitial space during hypoxia and a brief period of myocardial ischemia, implicating as a cause of electrophysiological alterations leading to arrhythmias (18, 41) . Activation of endothelial cells (ECs) also induces K ϩ efflux into the myoendothelial space to a similar extent (10) . Since small elevations in [K ϩ ] o can elicit hyperpolarization and relaxation of vascular smooth muscle cells (VSMCs), K ϩ has been proposed as a candidate for EDHF (10) . However, studies (2, 38) from some animal models have suggested that K ϩ does not serve as an EDHF in all vasculatures. Na ϩ -K ϩ -ATPase and inwardly rectifying K ϩ (K ir ) channels, which are both sensitive to changes in [K ϩ ] o , maintain the cellular resting membrane potential and thus regulate microvascular resistance through hyperpolarization and vasodilation. Na ϩ -K ϩ -ATPase is composed of ␣-, ␤-, and ␥-subunits (4). The Kir2.1 subunit of the K ir channel has been identified as responsible for K ir channel activity and for vasodilation in response to a low to moderate rise in [K ϩ ] o (49) , although not all vessels express functional K ir channels (37) .
Thus, a critical gap exists in our knowledge of the role played by K ϩ -induced vasomotor responses in the human coronary microcirculation. This might be important in further understanding of the mechanism of coronary microvascular dilation in health and disease. Therefore, we examined the potential role of K ir channels and Na ϩ -K ϩ -ATPase as mediators of vascular responses of human coronary arterioles (HCA) to a small rise in [K ϩ ] o and analyzed the influence of coronary risk factors on the responses. We also studied the potential for K ϩ to serve as an EDHF in the human coronary microcirculation.
METHODS

Materials.
All chemicals were obtained from Sigma Chemical and were dissolved in distilled water except for indomethacin (Indo), which was dissolved in 20 mM Na 2CO3 (30, 31) . All concentrations represent the final molar concentrations (in mol/l) in the organ chambers.
General preparation. Fresh specimens of the right atrial appendage were obtained from 73 patients undergoing cardiac surgery. All protocols and procedures were approved by the appropriate Institutional Review Boards. After surgical removal, the atrial appendage was placed in cold oxygenated HEPES buffer as previously described (30, 31) (30, 31) . In some vessels, the effects of ouabain or the combination of ouabain and BaCl 2 on dilations to aprikalim, an ATP-sensitive K ϩ channel opener (31), papaverine, bradykinin (BK), or ADP (29 -31) were also tested in the presence or absence of N -nitro-Larginine methyl ester (L-NAME, an nitric oxide synthase inhibitor, 10 Ϫ4 M) and Indo (10 Ϫ5 M, a cyclooxygenase inhibitor) to focus on the EDHF-mediated dilation. Separately, the role of osmolarity (15) in the response to the different KCl-containing solutions was studied by determining the response to isotonic high-K ϩ physiological salt so- ϩ , aprikalim, papaverine, BK, and ADP under different conditions were compared using two-way repeated-measures ANOVA with a Bonferroni correction. Multivariate analysis assessed the influence of basal vascular tone, vessel size, age, gender, cigarette smoking, and underlying diseases (coronary artery disease, diabetes mellitus, hypertension, hypercholesterolemia, myocardial infarction, valvular disease, and congestive heart failure; Tables 1 and 2 ) on the responses. Regression models for all doses or time intervals isolated the confounding effects of the other diseases on the responses (30, 31 ). An analysis of covariance was performed to adjust for contributions of each factor to an impaired response (30, 31) . SAS for Windows (version 8) was used for analyses. Significance was defined as P Ͻ 0.05. Data are expressed as means Ϯ SE. (10, 18) .
RESULTS
Seventy
Since the addition of KCl increases the osmolarity of circulating PSS, which may independently result in vasodilation (15) , the vascular response to isotonic high-K ϩ PSS, in which KCl was increased by isotonic replacement with NaCl, was also tested. When KCl was substituted for NaCl to maintain the osmolarity, dilator responses were similar to those in hypertonic buffer at the concentration of [ Fig. 2A ). BaCl 2 (3 ϫ 10 Ϫ5 M) alone failed to inhibit the vasodilation at a dose selective for K ir channels (20) (maximum dilation: 80 Ϯ 6% vs. 81 Ϯ 7% in control, P ϭ NS, n ϭ 5; Fig. 2B ), but the addition of BaCl 2 to ouabain further reduced the dilation (maximum dilation: 5 Ϯ 3% vs. 35 Ϯ 9% with ouabain alone, P Ͻ 0.05, n ϭ 5; Fig. 2C ). Ouabain alone or in combination with BaCl 2 may nonspecifically reduce vasodilator responses due to excessive depolarization and tone. However, the combination of ouabain with BaCl 2 had no inhibitory effect on papaverine-induced dilation Seventy-three subjects in total were studied. CABG, coronary artery bypass graft. 
o produced graded vasodilation of human coronary arterioles (HCAs; n ϭ 38). At concentrations higher than 25 mM, competing dose-dependent constriction was seen. B: maximal vasodilator responses to K ϩ and the concentrations that elicited the maximal response varied among the subjects tested (n ϭ 38). C:
Values are means Ϯ SE. . B: BaCl2 [3 ϫ 10 Ϫ5 M, P ϭ not significant (NS)] had no effect on the vasodilation to K ϩ (n ϭ 5). C: BaCl2 reduced the vasodilation only in the case where Na ϩ -K ϩ -ATPase activity was inhibited (n ϭ 5). D: endothelial denudation had no inhibitory effect on the vasodilation (n ϭ 9). E: vasodilation to K ϩ was abolished by treatment with ouabain alone (10 Ϫ4 M) in endothelial cell (EC)-denuded vessels (n ϭ 5). Values are means Ϯ SE. *P Ͻ 0.05 vs. control (A and E) or ouabain alone (C).
ATPase activity was blocked. We next determined whether Na ϩ -K ϩ -ATPase in either ECs, VSMCs, or both mediates K ϩ -evoked dilation in HCAs. EC denudation did not change the response to K ϩ (maximum dilation: 68 Ϯ 9% vs. 67 Ϯ 12% with ECs, P ϭ NS, n ϭ 9; Fig. 2D ). In EC-denuded vessels, ouabain alone (10 Ϫ4 M) completely abolished the dilation to K ϩ (maximum dilation: 9 Ϯ 9% vs. 73 Ϯ 20% in control, P Ͻ 0.05, n ϭ 5; Fig. 2E ) to the same extent as that with the combination of ouabain and BaCl 2 in EC-intact vessels (Fig.  2C) . In contrast, BaCl 2 alone (3 ϫ 10 Ϫ5 M) did not alter the dilation to K ϩ in EC-denuded vessels (maximum dilation: 57 Ϯ 22% vs. 58 Ϯ 16% in control, P ϭ NS, n ϭ 6). ϩ -ATPase and K ir channels in the regulation of coronary microvascular tone, since the activities of these proteins have not been studied in the human coronary microcirculation. Isolated HCAs developed myogenic tone over wide range of values (14 -60% of passive diameters, 27 Ϯ 3%), and the degree of resting myogenic tones was not affected by any risk factors, as we have previously reported (27, 31, 42) . Inhibition of Na
ATPase with ouabain produced a marked increase in vascular tone in a dose-dependent manner (Ϫ6 Ϯ 2% at 10 Ϫ6 M and Ϫ18 Ϯ 6% at 10 Ϫ4 M, P Ͻ 0.05 vs. resting tone, n ϭ 12). In contrast, 3 ϫ 10 Ϫ5 M BaCl 2 , a dose selective for K ir channels (20) , had no effect on vascular tone (0%, P ϭ NS vs. resting tone, n ϭ 10). These results indicate in vitro that Na ϩ -K ϩ -ATPase but not the K ir channel plays an important role in the regulation of basal vascular tone in HCAs.
Influence A: the presence of tobacco use was associated with reduced vasodilation to K ϩ (n ϭ 33). B: maximal dilations to K ϩ were also decreased in subjects who smoke cigarette (n ϭ 18 nonsmokers and 15 smokers). C and D: the inhibitory effect of ouabain on vasodilation to K ϩ was substantial in HCAs from subjects without tobacco use (n ϭ 7; C), whereas no inhibition was seen in those from subjects who smoke cigarette (n ϭ 6; D). Values are means Ϯ SE. *P Ͻ 0.05 vs. smoking(Ϫ) or control. 9% vs. 62 Ϯ 11%, P Ͻ 0.05, and at 17.5 mM [K ϩ ] o : 20 Ϯ 9% vs. 62 Ϯ 10%, P Ͻ 0.05). The maximal dilation was decreased by 46% in vessels from subject who smoked (36 Ϯ 8%, n ϭ 15, vs. 67 Ϯ 7%, n ϭ 22, P Ͻ 0.05; Fig. 3B ). These finding indicate that cigarette smoking specifically impairs the vasodilation of coronary microvessels to K ϩ in humans. Since Na ϩ -K ϩ -ATPase largely contributes to vasodilation to K ϩ and cigarette smoking is an independent factor associated with impaired dilation, the influence of cigarette smoking on the Na ϩ -K ϩ -ATPase component of the dilation to K ϩ was determined. In HCAs from subjects who did not smoke, ouabain (10 Ϫ4 M) significantly reduced the vasodilation to K ϩ (maximum dilation: 32 Ϯ 12% vs. 76 Ϯ 6% in control, P Ͻ 0.05, n ϭ 7; Fig. 3C ), whereas the vasodilation was relatively unchanged after ouabain in HCAs from subjects who smoked (maximum dilation: 23 Ϯ 13% vs. 41 Ϯ 14% in control, P ϭ NS, n ϭ 6; Fig. 3D ). These results suggest that Na ϩ -K ϩ -ATPase activity is impaired in HCAs from subjects who smoke cigarettes.
Expression of Na ϩ -K (4) . In the present study, 10 Ϫ4 M ouabain, which blocks all ␣-isoforms, markedly increased vascular tone in HCAs, whereas 10 Ϫ6 M ouabain, which inhibits ␣-isoforms other than ␣ 1 , induced minimal changes. The Kir2.1 subunit of K ir channels has also been reported to be responsible for K ϩ -induced vasodilation in mouse cerebral arteries (49) . Therefore, we determined the influence of cigarette smoking on the expression of ␣ 1 -and Kir2.1 subunits in HCAs to assess whether altered expression of these proteins could participate in the mechanism of impaired dilation to elevations of [K ϩ ] o in subjects who smoke cigarettes. As shown in Table 3 , the presence of cigarette smoking significantly reduced the expression of mRNA for the Na ϩ -K ϩ -ATPase ␣ 1 -isoform by ϳ37%, which was very compatible with the impairment in the maximal dilation to rises in [K ϩ ] o by cigarette smoking (Fig. 3B) , whereas the transcript for Kir2.1 was unchanged. These findings suggest that cigarette smoking specifically downregulates the expression of the Na Is K ϩ an EDHF in the human coronary microcirculation? It has been reported in rat hepatic and mesenteric arteries that K ϩ released from ECs in response to EC-dependent vasodilators hyperpolarize the underlying VSMCs and thereby induce vasodilation through activations of Na ϩ -K ϩ -ATPase and/or K ir channels, supporting K ϩ as an EDHF (10). We (28, 29) previously reported that vasodilations of HCAs to BK and ADP are mediated by EDHF. Therefore, we tested the role of K ϩ in EDHF-mediated vasodilation in HCAs. We first studied whether EDHF-induced vasodilation to BK is mediated by Na ϩ -K ϩ -ATPase and/or K ir channels in HCAs. In the presence of L-NAME and Indo, ouabain (10 Ϫ4 M) had no effect on the EDHF-mediated vasodilation to BK in HCAs [maximum dilation: 86 Ϯ 11% vs. 90 Ϯ 7% and Ϫlog(ED 50 ): 8.1 Ϯ 0.3 vs. 8.0 Ϯ 0.2, P ϭ NS, n ϭ 5, respectively; Fig. 4A ]. It is possible that EC-derived K ϩ stimulates Na ϩ -K ϩ -ATPase and/or K ir channels on ECs to release other vasorelaxing factors. However, vasodilation to BK in EC-intact vessels was unchanged after treatment with the combination of ouabain and BaCl 2 [maximum dilation: 87 Ϯ 8% vs. 94 Ϯ 3% and Ϫlog(ED 50 ): 8.0 Ϯ 0.4 vs. 7.7 Ϯ 0.3, P ϭ NS, n ϭ 5, respectively; Fig. 4B ]. The EDHF-mediated dilation of HCAs to ADP was similarly unaffected by the combination [maximum dilation: 95 Ϯ 2% vs. 97 Ϯ 2% and Ϫlog(ED 50 ): 6.1 Ϯ 0.3 vs. 6.2 Ϯ 0.1, P ϭ NS, n ϭ 5, respectively]. If K ϩ and the Na ϩ -K ϩ -ATPase axis involves EDHF-mediated dilations in HCAs, the efficacy of K ϩ -induced dilation is supposed to correlate with that of EDHF-mediated dilations. As shown in Fig. 4C , the degree of maximal vasodilator responses to K ϩ was not correlated with the magnitude of EDHF-mediated vasodilation to a submaximal dose of BK (10 Ϫ7 M, r 2 ϭ 0.01, P ϭ 0.60, n ϭ 27) (22, 28), and the maximal K ϩ -induced vasodilation was significantly less than the EDHF-mediated vasodilation to BK (10 Ϫ7 M, maximum dilation: 37 Ϯ 7% vs. 75 Ϯ 5%, P Ͻ 0.05, n ϭ 27). The dilation to 10 Ϫ8 or 10 Ϫ6 M BK was also not correlated with the maximal response to K ϩ dilation (data not shown). No correlation between these vasodilator responses was also observed in either group of smokers or nonsmokers (data not shown). These findings suggest that K ϩ , Na ϩ -K ϩ -ATPase, and/or K ir channels are unlikely to be responsible for or contribute to EDHF-mediated regulation of the human coronary microcirculation by BK and ADP.
DISCUSSION
This study is the first to describe mechanisms of vasodilation to elevations in [ (18, 41) . It is generally known that an increase in interstitial [K ϩ ] o in the heart causes changes in metabolism, excitability, refractoriness, and conduction, together with a shortening of the action potential, mainly due to an increase of K ir and delayed rectifying K ϩ conductance and, to a lesser extent, to a decrease of Na ϩ conductance, leading to the occurrence of reentry arrhythmias (5, 40) . Importantly, the increase in interstitial [K ϩ ] o in the heart is regulated largely by myocardial uptake of K ϩ through Na ϩ -K ϩ -ATPase activity and by the coronary perfusion rate (18 (20) , whereas EC-dependent vasodilation was demonstrated in some vasculatures, such as rat mesenteric arteries (21) . In the present study, we showed that vasodilation to K ϩ is primarily EC independent in HCAs.
The roles of K ir channels and Na ϩ -K ϩ -ATPase on the K ϩ -induced vasodilator response also seems species and vascular bed dependent. In rat coronary and cerebral arteries, Ba 2ϩ blocks vasodilation, but ouabain has no effect (20) . In rabbit renal arteries, ouabain inhibits K ϩ -induced dilation, but Ba 2ϩ has no effect (37) . In mice saphenous and mesenteric arteries, K ϩ -induced vasodilations were partially reduced by either Ba 2ϩ or ouabain and completely abolished by the combination of Ba 2ϩ and ouabain (9), whereas K ϩ -induced dilation was completely sensitive to Ba 2ϩ in mice cerebral arteries (49). We showed in HCAs a novel mechanism of dilation involving an ouabain-sensitive VSMC component and a BaCl 2 -sensitive EC component that is only manifest in the presence of ouabain.
K ir channels and Na ϩ -K ϩ -ATPase in the human coronary microcirculation. In the present study, ouabain significantly increased the basal tone of isolated HCAs, whereas BaCl 2 at a dose selective for K ir channels had no effect. This is consistent with a human in vivo study (8) showing that an infusion of ouabain into brachial arteries reduced forearm blood flow, but Ba 2ϩ (22 M) had no effect. Other investigators (49) , using an animal model, also showed that vascular tone is not altered by Ba 2ϩ at the same doses used in our study. Genetic knockout of K ir channels elicits no change in the vascular tone of cerebral arteries in mice (49) . These studies are consistent with our finding that Na ϩ -K ϩ -ATPase but not the K ir channel contributes to maintaining resting vascular tone in the human coronary microcirculation.
The expression and molecular characteristics of K ir channels and their functional role in the human coronary microcirculation are not fully understood. We detected mRNA for Kir2.1 in isolated HCAs. It is noteworthy that disruption of the Kir2.1 gene diminished K ir current in VSMCs from cerebral arteries of mice and abolished dilator responses to K ϩ , whereas knockout of the Kir2.2 gene had no effect on vasodilation (49), suggesting a predominant role for Kir2.1 in K ir activity in the vasculature. However, electrophysiological examinations revealed no K ir currents in VSMCs from human coronary arteries (13), whereas K ir activity was detectable in both macro-and microvascular ECs from human coronary vessels (50) . The contribution of K ir channels in ECs to K ϩ -induced vasodilation has been reported in some animal arteries (21) . Although neither BaCl 2 alone nor EC denudation inhibited K ϩ -induced vasodilation in this study, the addition of BaCl 2 to ouabain further reduced the dilation in EC-intact vessels, and ouabain alone but not BaCl 2 completely abolished the dilation in EC-denuded vessels. It is speculated that Na ϩ -K ϩ -ATPase activity in VSMCs might fully compensate for the contribution of K ir activity in ECs or that K ir channels in ECs may act as a substitute for the blocked Na ϩ -K ϩ -ATPase activity. Four Na ϩ /K ϩ -ATPase catalytic ␣-isoforms have been reported, which determine the affinity of the enzyme for ouabain (4) . The ␣ 1 -isoform is the most prevalent one, being expressed ubiquitously in all cells. Human Na ϩ -K ϩ -ATPase formed with the ␣ 1 -isoform is the most sensitive to change in [K ϩ ] o (4) . In the present study, real-time PCR analysis detected abundant transcripts for the ␣ 1 -isoform in isolated arterioles. Human umbilical vein ECs express ␣ 1 -and ␣ 3 -isoforms but not ␣ 2 -isoforms (25) . Rat mesenteric VSMCs express ␣ 1 -, ␣ 2 -, and ␣ 3 -isoforms (45) . A variety of cells express the low-affinity ouabain isoform (␣ 1 ) as well as one or more of the independently regulated high-affinity isoforms (␣ 2 , ␣ 3 , and/or ␣ 4 ) (25) . In the present study, 10 Ϫ4 M ouabain was used to block the activity of all ␣-isoforms. It is likely that the ␣ 1 -isoform is the most predominant catalytic isoform in HCAs, since the higher dose of ouabain markedly increased vascular tone in HCAs and the ␣ 1 -isoform is the most sensitive isoform to changes in [K ϩ ] o compared with other ␣-isoforms (4). Smoking. In the present study, we found that the dilation of HCA to rises in [K ϩ ] o is impaired only by cigarette smoking but not by other factors. The mechanism of impaired vasodilation to K ϩ with reduced expression of the Na ϩ -K ϩ -ATPase ␣ 1 -isoform in subjects with cigarette smoking has not fully been determined. In a wide variety of cell systems, including VSMCs, elevations of intracellular Na ϩ concentration (46) and several hormones (34) increase Na ϩ -K ϩ -ATPase ␣ 1 -isoform mRNA expression and activity to maintain a physiological intracellular Na ϩ concentration and the essential transmembrane Na ϩ gradient. Recent studies (14, 47) have proposed in VSMCs that the phosphotidyl inositol 3-kinase (PI3K)/Akt pathway is associated with the increase in the transcript and with protein translocation to the cell membrane. Importantly, chronic smoking causes impairment of Na ϩ -K ϩ -ATPase activity in human erythrocytes and platelets, coinciding with altered membrane properties such as membrane lipid peroxidation, an increase in the ratio of cholesterol and phospholipid, and an decrease in membrane fluidity (35, 36 ). An in vivo study (44) of canines subjected to chronic cigarette smoking also showed impaired Na ϩ -K ϩ -ATPase activity with similar alterations in the microenvironment of the VSMC membrane. More importantly, increasing evidence has indicated that smoking and cigarette smoke extract inhibit PI3K/Akt signaling in several cell types (24, 32) . Thus, it is speculated that chronic cigarette smoking impairs Na (28, 29) . Other regional microcirculations in humans also exhibited no role of K ϩ in EDHF-mediated vasodilation (7) . Some experiments have used extremely high doses of ouabain (e.g., 10
Ϫ3 M) to support the role of K ϩ for EDHF (10) . High doses of ouabain have the potential for profound effects on VSMCs, by nonspecifically blocking other mechanisms of vasodilation. In our study, ouabain, at a concentration lower than those reported, abolished vasodilation to K ϩ in EC-denuded arterioles, suggesting the specific role of VSMC Na
ϩ -induced responses. The dose of ouabain had no effect on dilation to papaverine or aprikalim or on EDHF-mediated responses to BK and ADP, indicating 1) no detrimental effect on VSMC dilator responsiveness, 2) no discernible role of K ϩ as an EDHF, and 3) no role for Na ϩ -K ϩ -ATPase and K ir channels as targets for EDHF. In addition, we (28) have previously reported that aging is the only factor that impairs EDHF-mediated vasodilation to BK in HCAs, whereas smoking but not aging was the factor for impaired vasodilation to K ϩ . Thus, it is unlikely that K ϩ plays a discernible role as an EDHF in human coronary arteriolar dilation to BK and ADP, although K ϩ might act as an EDHF for other endotheliumdependent vasodilators.
Potential problems. In this study, we used BaCl 2 at a dose of 3 ϫ 10 Ϫ5 M and ouabain at doses of 10 Ϫ4 and 10 Ϫ6 M. This dose of Ba 2ϩ has been reported to be relatively specific to K ir channels (33) . Higher doses of Ba 2ϩ can exert nonspecific effects such as inhibition of ATP-sensitive K ϩ channels, Ca 2ϩ -activated K ϩ channels, and voltage-dependent K ϩ channels. The affinities of ouabain for ␣-isoforms also vary. The pharmacokinetics of native Na ϩ -K ϩ -ATPase activity is not fully understood due to the complex molecular heterogeneity that results from the expression and differential association of multiple isoforms (4) . The role of each ␣-subunit of native Na ϩ -K ϩ -ATPase in the vasodilation of HCAs to K ϩ remains to be elucidated.
Transcripts for the Na ϩ -K ϩ -ATPase ␣ 1 -isoform and Kir2.1 were examined in isolated HCAs. Protein expression and localization of these channels were not determined, because the small sample was insufficient for Western blot analysis. Further studies should examine the vascular cell types that express each isoform of the ATPase and channel.
We had no controls without any diseases, since all tissues were obtained as discarded specimens from patients undergoing cardiopulmonary bypass surgeries, including valve replacement and coronary artery bypass graft surgeries. Thus, we cannot comment on whether the dilation to small elevations of [K ϩ ] o in healthy subjects is different from that in diseased subjects. However, dilation may be the most important in the population we studied with ischemia (disease), where the largest levels of [K ϩ ] o elevation occurred (18, 41) . We also cannot relate the degree of altered expression and dilation to the duration or frequency of tobacco use, since we did not have access to this personal information and no contact with the subject occurred. However, all subjects smoked regularly at the time before tissue acquisition.
We showed a considerable role of endothelial K ir channels in the vasodilation to elevations of [K ϩ ] o , whereas a significant contribution of endothelial K ir channels has been reported in some animal arteries (21) . The cholesterol content of the cell membrane significantly affects the function of classical K ir channels, with the channels being targeted into cholesterol-rich lipid rafts without altering the channel expression (39) , and this could be involved in some diseases (3, 12, 23, 26) . Thus, we cannot exclude the possibility that the K ir current density has comparably been reduced in all HCAs tested.
We cannot determine the influence of treatments (prescription and diet/excise therapy) on findings in this study, since access to detailed patients' health information was not allowed. We assume that all patients were provided with treatments adequate to the underlying diseases diagnosed (Tables 1 and  2 ). However, it is not clear whether cigarette smokers and nonsmokers had the same treatments for the underlying diseases. It has been shown that treatments for cardiovascular diseases such as statins, ␤-blockers, and angiotensin-converting enzyme inhibitors ameliorate endothelial function not only in patients with the target diseases but also in chronic smokers (6, 43, 48) . While we assume that all patients regardless of cigarette smoking had been treated with medications before surgery that could potentially restore microvascular function, we cannot rule out the possible influence of treatments.
Clinical implications. Interstitial [K ϩ ] o in the myocardium rises slightly by increases in heart rate and markedly during a brief period of ischemia (18, 41) , implying that [K ϩ ] o is positioned to play a role in the regulation of coronary microcirculation under both physiological and pathophysiological conditions, such as exercise and ischemia. The present study demonstrates the mechanism for coronary arteriolar dilation to small rises in [K ϩ ] o , showing a crucial role for Na ϩ -K ϩ -ATPase. We also demonstrated in subjects who smoke cigarettes that this mechanism of dilation is significantly impaired and that transcripts for the protein are downregulated. A genetic knockout study (16) revealed in mouse hearts that Na ϩ -K ϩ -ATPase ␣ 1 -isoform heterozygous knockout mice are hypocontractile. Chronic cigarette smoking is also known to alter systolic and diastolic functions of right and left ventricles in healthy young subjects (11) . These findings could contribute to the adverse effects of tobacco use on the coronary circulatory control, which include low exercise tolerance (1), increased O 2 consumption (17), and reduced coronary flow reserve (19) . More importantly, the increase in interstitial [K ϩ ] o in the heart is regulated largely by myocardial uptake of K ϩ through Na ϩ -K ϩ -ATPase activity and the coronary perfusion rate, associating with arrhythmogenesis during ischemia (18, 41) . Thus, these findings could have important implications for the excess cardiovascular morbidity and mortality in subjects who smoke, since they may suffer impairment of an important mediator for regulating coronary microvascular and collateral perfusions and for buffering interstitial [ 
